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Finite element analysis was performed over a small particle ﬁeld, edge constraint plane strain post-neck-
ing model. The aim is to understand the roles of particle shape, volume fraction and distribution over the
post-necking deformation and fracture of AA5754-O sheet materials. For models containing one single
particle, the post-necking deformation decreases when the particle varies from circular to elliptical.
The inter-particle spacing, the major parameter of distribution to determine whether a pair of particles
belongs to a stringer or not, was varied for models with two particles of circular or elliptical shape.
The general trend is that the post-necking deformation and fracture strains decrease with decreasing
spacing between particles. There is considerable difference in terms of both fracture topographies and
strains for models containing 16 particles when distributions varied from random/uniform to stringer
distributions. The post-necking deformation and fracture strains monotonically decrease with particle
volume fractions for models with 4–64 particles of random or stringer distribution. This indicates that
the post-necking behavior for AA5754-O alloys where the matrix material is rather ductile is not solely
controlled by a single or pair of particles although they may become initiation places of damage. Multiple
damaging sources such as stringers or large particles can act cooperatively and speed up the damaging
propagation of the material, and therefore produce small post-necking deformation and early fracture.
The center clustering of particles can be beneﬁcial for post-necking behavior and bendability of sheet
materials.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
AA5754 aluminum sheet alloys are candidates for car inner
panels and car body structures for light weight, fuel efﬁcient cars.
The major hurdle of using such alloys, however, is its high cost of
production by the conventional direct chill (DC) cast technology.
Therefore, prime interests of research have been put on the much
cheaper alloys produced by continuous strip casting (CC) recently.
The use of CC alloys to replace DC alloys, however, requires the CC
alloys to have better or at least similar formability as many car
body structures involve stamping or hemming processes. Extensive
experimental uniaxial tension studies have shown that the CC and
DC alloys are similar in formability in terms of localization strains,
while the post-necking deformation of the CC alloys, which deter-
mines the ﬁnal fracture strain, is much less (Kang et al., 2007). Infe-
rior bendability is observed in CC alloys, too. From the model of
Datsko and Yang (1960), the two properties, i.e. the fracture limitll rights reserved.and bendability are connected. The bendability is important for
auto door panel ﬂanging and hemming processes (Carsley and
Kim, 2007). The similarity and dissimilarity between the two alloys
have been linked to the material microstructures. The localization
strains of the alloys are postulated to be mostly controlled by the
grain level inhomogeneities, while post-necking deformation is
more linked to the particle distributions. The grain structures
and texture of the tested CC and DC alloys are similar. DC alloys
have more random particle distribution, while the particles in CC
alloys are distributed as stringers aligned along the rolling
direction.
This postulation seems to have been proven by our microstruc-
ture-based ﬁnite element studies which adopt a two-stage model-
ing procedure (Hu et al., 2008a). The plane stress pre-necking
(from uniaxial tension to localized necking) model shows that
the grain structures play a dominant role in this deformation re-
gime (Hu et al., 2008a; Hu et al., 2007; Hu et al., 2008c). The edge
constraint post-necking model, on the other hand, explains the
experimental observation of different fracture topographies and
fracture limits between the two alloys: CC alloys have more
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Fig. 2. An example of the edge-constraint plane strain post-necking model.
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strain, while DC alloys show cup–cone type failure and large frac-
ture strain. The post-necking model shown by Hu et al. (2008a),
however, uses a particle ﬁeld with a domain size of 92  70 lm2
cut from optical microstructure of AA5754 CC and DC alloys with
identical Fe content of 0.21%. The volume fractions of particles
are very much related with the Fe level in the alloys. The statistical
distribution of the domains, in terms of particle shape, particle vol-
ume fracture and stringer volume fraction, may not be representa-
tive of the whole material. Systematic studies of the inﬂuences of
these parameters are lacking. A parametric study has been per-
formed by large particle ﬁeld models which consist of thousands
of particles where each particle is simpliﬁed as by a single square
element. This current work will concentrate on a more reﬁned rep-
resentation of particle shapes as circular or elliptical. To represent
such shapes in ﬁnite element models requires a lot of elements.
Therefore it is non-tractable at present to generate and simulate
models containing a large number of particles with well deﬁned
shapes and ﬁne meshes. Therefore, this current work will use mod-
els of small particle ﬁelds containing 64 particles at most. In most
of the models, the particle volume fractions are kept at 2%, there-
fore the model size will vary for 1, 2 and 16 particle models, except
in the case when particle volume fraction are studied where the
model sizes are kept constants for models of different number of
particles.
It must be noted that the results of the small particle ﬁeld mod-
els does not quantitatively reﬂect the experimental fracture strains
of actual material, but can be used as a qualitative relative compar-
ison of the inﬂuences of different parameters on post-necking
deformation and fracture. The single particle models focus on the
inﬂuences of particle shape and the two particle model on inter-
particle spacing, while the 16 particle models emphasize the differ-
ent particle distribution. Further, the positioning of particles, e.g.
the particles are located at the center of models containing one
or two particles and diagonal positioning of stringers, is chosen
to have easy comparability between models.
2. Modeling
As described in Hu et al. (2008a), the edge constraint post-neck-
ing models study the deformation regime from the onset of local-
ized necking to ﬁnal fracture. The model is developed according to
the theoretical analysis of deformation instabilities stages during
uniaxial tension (Hu et al., 2008a). The original development as-
sumes the model domain as that of a cross-section of the localized
necking band and perpendicular to the direction of the band (BD),
i.e. RD0  ND (see the pink frame of dashed lines in the center of the
localized necking band sketched in Fig. 1). Later modiﬁcation (Hu
et al., submitted for publication) is made to assume the modeled
cross-section to be parallel to the RD  ND plane (see the red framet
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Fig. 1. A sketch showing the modeling domain of thein the center of the localized necking band sketched in Fig. 1)1
when the samples are loaded along the rolling direction. RD and
ND stand for rolling and normal directions of sheet materials,
respectively. Fig. 2 shows an example of the model containing 9
particles of uniform deformation.
Velocity boundary conditions are applied to the left (Le) and
right (Re) edges along the RD (x1) direction, while the deformation
of the two edges are constrained along the ND (x2) direction,
v1jx1¼Le ¼ v v2jx1¼Le ¼ 0
v1jx1¼Re ¼ v v2jx1¼Re ¼ 0
ð1Þ
The top and bottom edges are free to deform in both degrees of
freedom.
The dimension of the ND direction (x2) of the model, e.g. the
thickness of an uniaxial tension sample, is termed as t, while that
of the width of the cross-section (RD-x1) of the localized necking
band is denoted as b. Similar to (Hu et al., submitted for publica-
tion), the ratio between t and b is ﬁxed to 10/7.
The ABAQUS/EXPLICIT ﬁnite element package is utilized (ABA-
QUS Inc., 2006). An isotropic elasto-plastic rate-independent user
material model is used to represent the constitutive behavior of
the matrix aluminum material (Hu et al., 2008a). The input ﬂow
curve of the matrix material is assumed to follow a Holloman
law based on a three-stage ﬁtting of the tensile test results of an
AA5754 DC alloy (Hu et al., 2008a).
r ¼ kieni ð2Þ
where the parameters of the DC alloy in these equations is shown in
Table 1.
It must be noted that as the present model represents the post-
necking deformation regime, the model assumes that localized
necking will immediately start when the simulation begins. There-RD (x1)
ND (x2)
TD (x3)
 necking region
ain
RD’
BD
edge constraint plane strain post-necking model.
Table 1
Holloman parameters.
i Strain ranges ki ni
1 e 2 (0,0.0235) 421.8 0.2613
2 e 2 (0.0235,0.0926) 570.1 0.3413
3 e 2 (0.0926,–) 396.6 0.1891
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is assigned to the matrix material. The strain can be deduced from
the maximum tension condition (Marciniak et al., 2002) for
stretching of a continuous sheet of an isotropic material,
dr11
de11
¼ ð1þ bÞr11; where b ¼ e22e11 ð3Þ
where b is 0.5 for uniaxial tension. The value is determined to be
around 0.36 according to Eqs. (2) and (3), and parameters listed in
Table 1.
From careful experimental observations of long cross-section
(RD  ND) of the fractured sample, very few voids were found in
the regions near the fractured surface of the AA5754 alloys. It
has been concluded that the matrix material is rather ductile and
the major mechanism leading to matrix material failure is the
excessive shear localization (Sarkar et al., 2001; Sarkar et al.,
2004). Therefore, a simple shear-type failure model is utilized
where element deletion begins when the equivalent strain reaches
a critical value,
ep ¼ epc : ð4Þ
This critical equivalent strain epc can be also called the local fracture
strain and a rather high value of 1.5 is chosen in the current study
because of the high ductility of the matrix material. However, a
more precise value is necessary and need to determined, e.g. exper-
imentally, in the future in terms of quantitative predictions.
For the particles, linear elasticity is assumed to be the equiva-
lent stress of r0p ¼ 0:8 GPa as described before (Hu et al., 2008a),
where the Young’s modulus (E) is 210 GPa and Poisson’s ratio (m)
is 0.28, respectively. An exponential non-linear equivalent stress–
strain behavior is assumed afterwards (Hu et al., 2008a),
rp ¼ r0p þ r1p  r0p
 
1 exp genl   ð5Þ
where E is the elastic modulus, enl is the non-linear equivalent strain
and r1p is the saturation stress (here chosen to be 5 GPa) and
g ¼ E=ðr1p  r0pÞ ð6Þ
This treatment will ensure the work hardening rate is equal to E at
enl ¼ 0 (Hu et al., 2006). The constitutive behavior of particles is rep-
resented by tabular data lines in the ABAQUS input ﬁle pre-calcu-
lated from Eq. (5). It should be noted that the properties of the
second phase particles in AA5754 alloys are not available from
the literature. The parameters, therefore, are chosen to be as that
of cementite (Fe3C) as reported by Hu et al. (2006) with the consid-
eration that the particles are much harder than the matrix materi-
als. With this condition, the choice of different parameters of
particle properties will not drastically inﬂuence the results of model
predictions.
Particle fractures have been observed at or near the fracture
surface of the sample. Particles are (Fe,M)6Al or Mg2Si intermetal-
lics and they are brittle. Therefore both simple shear-type and ten-
sion-type failure models are applied. The shear-type failure model
is that any of the elements in a particle will be deleted when the
non-linear equivalent strain of this element reaches a critical value,
enl ¼ enlc ð7Þ
Here enlc is chosen to be 0.007, which corresponds equivalent stress
of 2 GPa.The tension-type failure is that the tensile hydrostatic stress rm
reach a critical value,
rm ¼ rcm ð8Þ
The critical value is chosen to be 1.05 GPa.
It must be noted that all the parameters are arbitrarily chosen
due to lack of experimental data from the literature, but the values
are chosen with the consideration that the second phase particles
are brittle compared with the matrix materials.
After the simulation, a macroscopic fracture strain measure is
calculated according to the following equation (Hu et al., 2008a):
ef ¼ ep0 þ 1:155 ln
t0
tf
 	
ð9Þ
where t0 is the initial thickness of the model before deformation
and tf is the minimum thickness measured after ﬁnal fracture. The
co-efﬁcient of 1.155 is to transform from the strains of the plane
strain deformation into equivalent strains. It is obvious that the var-
iation of ef reﬂects the post-necking deformation as ep0 is constant.
3. Single-particle model
The single-particle model consists of a single particle of circular
or elliptic shape embedded in the aluminum matrix. The dimen-
sion of the model is t  w = 7.5  5.3 lm2. The particle volume
fraction in the model is 0.02, where the equivalent diameter of
the particle is 1 lm. The two parameters will be kept the same
for all the following simulations with 2 and 16 particles. The equiv-
alent diameter d of a particle is that of a circular disk which has the
same volume of an elliptic disk.
d ¼ 2ða  bÞ0:5 ð10Þ
where a and b are the long and short axes of an ellipse, respectively.
The parameter studied is the shape factor (r = a/b, where a is the
long axis and b is the short axis of an ellipse) of the particle where
the long axis of the ellipse is parallel to the loading direction.
Similar to that in Hu et al. (2008c), the ﬁnite element analysis
uses six-node triangular quadratic plane strain elements (CPE6M).
Mesh strategies are used to make the ﬁnite element meshes to be
approximately homogeneous, which is essential for comparability
between models (Hu et al., 2007). The size of the triangular meshes
(the edge of a triangle) is around 0.15.
Fig. 3(a)–(f) shows the fracture patterns for different shape fac-
tors. The contours shown are equivalent strains and the contour lev-
els are not given since only the fracture patterns are of interest here.
The variations of the fracture strains calculated from Eq. (9) are
shown in Fig. 4, which shows that the fracture strains decrease
with increasing shape factor of ellipses.
4. Two-particle model
This model consists of a pair of particles of circular or elliptic
shape (r = 3) embedded in the aluminum matrix. The dimension
of the model is 10.6  7.5 lm2. The objective is to ﬁnd the inﬂu-
ence of relative equivalent inter-particle spacing and shape factor
on fracture strains. The relative equivalent inter-particle spacing
is expressed as,
R ¼ sd 1 ð11Þ
where s is the distance between the centers of the two particles. As
expression (11) uses equivalent diameter of grain d, R is then a mea-
sure independent of particle shape factor.
The relative equivalent inter-particle spacing R varies from 0.2
to 2 for models containing circular particles and 0.6 to 2 for models
Fig. 3. The equivalent strain distributions and fracture patterns of the models after total fracture as a function of the shape factor r.
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Fig. 4. The variations of fractures strains of the models with shape factor.
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r = 3. The two particles are in direct contact for the elliptical parti-
cles when R ¼ 0:73, therefore the result of R ¼ 0:6 is actually for a
model containing one particle which is formed by two intersecting
particles where the redundant part is removed.
Figs. 5(a)–(f) and 6(a)–(d) show fracture patterns for varying
equivalent relative inter-particle spacing for models containing cir-
cular and elliptical particles, respectively. Fig. 7 shows the calcu-
lated fracture strains.
It is seen that the models containing elliptical particles show
lower fracture strains than those with circular particles for identi-
cal relative inter-particle spacings. Fracture strains initially get
smaller as the interparticle spacing increases then they rise shar-
ply. This observation is different from our previous plane stress
two-particle models where the localized necking strains monoton-
ically increase with inter-particle spacing (Hu et al., 2007). For the
plane strain model, the localization bands start from the two diag-
onals of the model and diffuse towards the vertical center line of
the model. Fracture occurs along that line unless they interact with
other localization or damage phenomena. When the two round
particles are close together, e.g. R ¼ 0:2, the diagonal diffusing
bands are hindered by the particles and become redistributed ina complex, wider band pattern due to the particle shielding effect
(Chawla et al., 2002). This leads to less excessive deformation of
the matrix material between the particles until it is assisted by par-
ticle damage (see Fig. 8(a)). When the separation is larger, e.g.
R ¼ 0:6, the diagonal bands are not hindered, but assisted by the
interaction between the particles. Thus damage starts in the matrix
material (see Fig. 8(b)). This is not the case for the elliptical parti-
cles with a large shape factor, since the vertical dimension, e.g. the
short axis, of the particle is small (see Fig. 8(c)). It must be noted
that here the word ‘damage’ means ‘crack initiation’.
5. Multi-particle model
5.1. Inﬂuence of particle distribution
The simulation results for the single- and two-particle models
show that damage initiation is related to particles: particle break-
age and large local strain in the matrix near the particles. As the
particle or particle pair lies in the middle of the model, the damage
propagation path is always along a line which is perpendicular to
the load direction. This leads to a cup–cup conﬁguration of the
fracture surface due to the boundary constraints.
Now we consider models containing multiple particles and dis-
cuss the inﬂuence of particle distribution on post-necking behav-
ior. First, we consider models containing 16 particles. Each
particle is elliptical with an equivalent diameter of 1 lm and shape
factor of 3. The size of the model is set as 42  30 lm2 to ensure
the volume fraction of the particles remains at 2%. Different distri-
butions of particles are examined.
(1)Particles clustered in stringers which are distributed along
diagonals. Each stringer consists of 2–16 particles, respectively
(see Fig. 9(a)–(e)).
(2)Particles distributed uniformly (Fig. 9(f)).
(3)Particles distributed randomly (Fig. 9(g)).
Fig. 10(a)–(g) shows the equivalent strain distributions after to-
tal fracture for these particle distributions. Fig. 11 shows the frac-
ture strain evolution with the number of particles in the stringer as
well as for random and uniform particle distributions. These ﬁg-
ures show that particles clustered in stringers lead to considerably
Fig. 5. The equivalent strain distributions and fracture patterns of the models after total fracture as a function of the relative equivalent inter-particle spacing in models
containing circular particles.
Fig. 6. The equivalent strain distributions and fracture patterns of the models after total fracture vary with the relative equivalent inter-particle spacing in models containing
elliptic particles.
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particles. The later models show identical fracture strains. For
those models with particles clustered in stringers, stringers with2 and 4 particles each lead to lower fracture strains than the model
containing stringers with 8 particles (see Fig. 10(a)–(c)). These
models show shear type failure. The model containing one single
stringer in the middle of the model (see Fig. 10(d)) shows a cup–
cup fracture feature similar to that of single- and two-particle
models. This model has a fracture strain considerably higher than
the multi-stringer models (Fig. 10(a)–(d)). The trend for models
with stringers may be related to the number of active damage
sources. The exception is that although there are 8 stringers shown
in Fig. 10(a), the fracture strain is slightly higher than that for the
model with 4 stringers (Fig. 10(b)). This suggests that stringers
with 2 particles each are too short to pin the localization path,
which can easily move away from the particles (see Fig. 10(g)).
5.2. Inﬂuence of particle volume fraction
We now consider the inﬂuence of particle volume fraction on
post-necking deformation. Here we choose particle distribution
conﬁgurations with stringers (4-particles in each stringer) aligned
along the diagonal of the model (Figs. 9(b) and 12(a)–(d)). Homo-
geneously distributed particle models will also be discussed (Figs.
9(f) and 12(e)–(i)). The dimensions of the model, sizes and shape
factors of particles are all kept the same as in the previously
Fig. 8. The equivalent strain distribution for two particle models at the point when damage occurs. (a)–(b) For circular particle models when R ¼ 0:2 and 0.6, respectively. (c)
For elliptic particle models when R ¼ 0:8 where the particles almost in direct contact.
Fig. 9. Models containing 16 particles that are distributed differently.
Fig. 10. The equivalent strain distributions and fracture patterns after total fracture in the models containing 16 particles.
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to 64, with volume fractions ranging from 0.5% to 8%.
The simulations using models shown in Fig. 12 combined with
the results of Fig. 9(b) and (f) lead to the fracture strain variations
with particle volume fraction shown in Fig. 13. All of the models
with stringers containing 4 particles show shear type failure simi-
lar to that shown in Fig. 10(b), except when there is only one strin-
ger which shows cup–cup fracture.The models of the uniformly distributed particles do not show
shear-type failure and show features similar to that shown in Fig
10(e) or (f). The fracture strains of the models with uniform parti-
cle distributions do not change drastically with volume fraction
ranging from 0.5% to 3%. There is a drop in the fracture strain for
higher volume fractions. The fracture strains for the models con-
taining stringers are considerably lower and decrease rapidly with
increasing volume fraction of particles up to about 2.0%.
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particles in stringer distributions (the black lines with square symbols) in
comparison with random and uniform distribution.
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For the single particle model, the post-necking deformation and
fracture strains decrease when the particle varies from circular to
elliptical. Models of one elliptical particle with higher aspect ratio
of elliptical particle lead to lower fracture strains, due to high local
strains induced in the region near the sharp edge of the particle.
High stresses at the edge can lead to particle fracture.
The inter-particle spacing has been varied for models with two
particles of circular or elliptical shape. The general trend is that the
post-necking deformation decreases with decreasing spacing be-
tween particles. The exception is that there is slight increase of
post-necking deformation with decreasing inter-particle spacing
when the spacing is smaller than a critical value for the models
consisting of circular particles due to the shielding effect. The mod-Fig. 12. The models with variation of volume fraction of particles wels with elliptical shape show lower post-necking deformation and
fraction strains than those with round particles. This is consistent
with the results of single particle models, indicating that particles
of large aspect ratio, e.g. long particles, are detrimental and can
lead to early failure of the material. The results of the inﬂuence
of inter-particle spacing show that stringers of small inter-particle
spacing are more damaging due to large local strain induced be-
tween particles.
From the current studies, increasing particle volume fractions
decrease the post-necking deformation and fracture strains. This
is consistent with experimental tensile tests and bending tests of
AA5754 alloys with different Fe content where alloys of higher
Fe content consist of a larger volume fraction of particles (Sarkar
et al., 2001). The inﬂuence of particle volume fraction indicates
that the post-necking behavior for AA5754 alloys, where the ma-ith (a)–(d) stringer distribution and (e)–(i) uniform distribution.
X. Hu et al. / International Journal of Solids and Structures 46 (2009) 2650–2658 2657trix material is rather ductile, is not controlled by a single large
particle or by the most damaging stringer, although they may be-
come preferential places of damage initiations. More particles or
stringers can provide multiple damage sources which can make
the damage propagate faster and cause early failure and fracture.
On the other hand, the fracture strains are much smaller in the
models with stringer distribution than with uniform distribution.
This indicates that not only the particle volume fraction, but the
particle distribution plays a very important role in controlling
the post-necking and damage processes.
More detailed studies are performed on particle distribution
by models containing 16 particles where distributions varied
from random/uniform to stringer distribution. For the stringer
distribution, the stringer length, i.e. the number of particles in
each stringer, is varied. It is interesting to ﬁnd that the results
of random distribution are similar to that of uniform distribution.
It must be noted here that the random distribution is not com-
pletely random. It is not possible to generate a statistically good
random distribution of particles with such a small particle ﬁeld
containing only 16 particles. The models of random and uniform
distributions show larger post-necking deformation and fracture
strains, and the topography of the fracture surface indicates that
the models are more prone to cup–cone type failure. The models
of stringer distributions, on the other hand, show quite different
results where shear-type failures are observed and smaller post-
necking deformation and through-thickness thinning are experi-
enced before ﬁnal fracture. These modeling observations are
again consistent with experimental observations of different
behaviors during uniaxial tension of AA5754 CC and DC alloys
with similar Fe contents of 0.21 wt.%, where the former (CC)
has stringer dominant particle distribution, while the later has
more random particle distribution (Kang et al., 2007). For the
models of stringer distributions with different stringer length
(ns), it is quite interesting that the fracture strains decrease with
stringer length ﬁrstly, but shortly after the fracture strains in-
crease. These results are explained by the fact that longer stringer
length (ns), fewer stringers or damaging sources exist in the mod-
el. As described previously, more damaging sources will help the
damage propagation and cause earlier failure. This explains the
increase of fracture strains with stringer length. On the other
hand, the damage source can easily move away from the damage
path during deformation when the stringer is very short. The rea-
son for this practice of putting all stringers along the diagonal of
the model in this current work is because it is very difﬁcult to
generate real random distribution of stringers in such a small par-
ticle ﬁeld, which therefore would not give consistent results be-
tween models. It must be admitted that this special distribution
of stringers is a simple and extreme case, but gives comparable
results between models. A real random distribution is only possi-
ble for a large particle ﬁeld (Hu et al., submitted for publication).
The larger fracture strain and cup–cup type topography of the
model of a single long stringer of 16 particles in the center of
the model imply that the post-necking and facture limits can be
enhanced in a material if the second phase hard particles are seg-
regated into the center plane through the thickness. This can be
even more beneﬁcial for bendability.
Although very small particle ﬁelds are used in the current work,
the conclusions for various parameters such as the inﬂuence of
particle volume fractions and particle distributions on post-neck-
ing deformation and damage topology are consistent with that of
a large particle ﬁeld (Hu et al., submitted for publication). As for
the inﬂuence of stringer length on post-necking behavior of ran-
domly distributed stringers, an analytical model was proposed to
calculate the number of initial damage sources which correlates
with results of models (Hu et al., submitted for publication). It is
impossible for the large particle model to use a well reﬁned meshwhich could realistically represent the particle shape due to com-
putation limitation.
Finally, it needs to be addressed that the use of the edge-con-
strained plane strain model is a very simple method for studying
the post-necking behavior and fracture in uniaxial tension. The real
problem is three dimensional; it is always desirable to use three-
dimensional models for a precise prediction, but is very computa-
tion demanding. Like the plane stress pre-necking model where
the variation of through-thickness strain is overestimated (Hu
et al., 2008c), the plane strain post-necking model would overesti-
mate the stress and planar strain variation of the modeling plane.
The current method, however, does capture the major trends and
inﬂuences of different parameters of particle distribution on
post-necking deformation, fracture limit and topolography of frac-
ture surface after the material deformation is localized and the re-
sults are all consistent with experimental observation.
As stated in our previous work on the two particle plane stress
models (Hu et al., 2007), the mesh sensitivity is an important
numerical issue in the ﬁnite element study of strain localization.
The ﬁner the mesh, the smaller the localization strains are ex-
pected. But the trends of evolution of these strains with alignment
and interparticle spacing are always consistent; only the values of
strains are smaller. In the current qualitative studies which do not
aim to provide a precise, quantitative prediction of behavior, we
have kept the same meshing parameters for all the models.
7. Conclusions
Particle shape, volume and distributions are important factors
that inﬂuence post-necking deformation. Models with elliptical
particles show less post-necking than models with circular parti-
cles. When the particles are distributed as stringers, much less
post-necking ductility and fracture mode is shown than in the
cases where the particles are distributed randomly or homoge-
neously. The results show that particles with high aspect ratio
(i.e. long particles), higher volume fraction of particles and stringer
distribution of particles are detrimental to post-necking deforma-
tion, i.e. material bendability. In addition, stringer particle distribu-
tion can cause a shear type failure mode. The particles clustering in
the center plane of material through the thickness can be beneﬁcial
for material post-necking deformation and bendability of AA5754
aluminum sheets.
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